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This paper reports an example of the application of samgdenple correlation spectroscopy, the novel
possibility of the generalized two-dimensional (2D) correlation spectroscopy, proposed in the preceding paper.
Temperature-dependent near-infrared (NIR) spectral variations of oleicasi@¢ctadecenoic acid) in the

pure liquid state have been analyzed in the region 788BD0 cn* by two kinds of 2D correlation analyses,
wavenumberwavenumber and sampitsample correlation. The analyses have been made for the NIR spectra
after two kinds of different spectral pretreatments and also for the raw spectra. First, the spectra have been
offseted on the higher wavenumber side (around 7500'cand adjusted with respect to the intensity of the
band at 7182 cimt measured at 15C. In the second pretreatment both wavenumber sides (the—72@D

and 6706-6600 cnT?) have been baseline corrected and ontyHCcombination bands and a band due to the

first overtone of the monomer-€H group have been considered. In the last case the original spectra without
any pretreatment have been analyzed. The 2D wavenumm@renumber cross-product matrices, i.e.,
synchronous spectra, show that for the first and second cases the spectral variations concentrate-dn the C
and O-H bands. The newly proposed sampample correlation verifies convincingly the existence of two
phase transition temperatures at 32 andG3hat are important in the process of monomerization of dimers

of oleic acid. The analysis based upon the raw spectra gives the strongest evidence for these temperatures in
the sample-sample correlation pattern.

Introduction methods. For these reasons we have chosen temperature-
In the preceding papeme have proposed sampisample ﬁ;sizngtzrt]; near-infrared (NIR) spectra of oleic acid in the pure

correlation spectroscopy, a novel possibility of the generalized
two-dimensional (2D) correlation spectroscopy. The new type  On the basis of a number of spectroscopic and physicochem-
of correlation is concerned with some sample features (e.g., ical studies, Iwahashi et &t " showed that oleic acid probably
concentration) unlike the original type of generalized 2D has three kinds of liquid structures depending on temperature.
spectroscopy that deals only with spectral featérésWe have In the temperature range from the melting point (3 to 30
demonstrated that the sampleample correlation can revealthe °C, the liquid structure consists of clusters having a quasi-
concentration dynamic in a two-component spectral system smectic liquid crystal structure, while the structure in the
through monitoring spectral changes at all wavenumber points temperature range between 30 and 55°C is composed of
investigated. The first applications of the samplsample clusters with a less ordered structure. Above°g50leic acid
correlation spectroscopy were carried out for an artificial spectral appears to be an isotropic liquid. These conclusions have been
system consisting of only two bands and that involving precisely drawn from the studies of oleic acid by NIR differential
two chemical species with a number of bands. Regardless ofscanning calorimetry (DSCY, density, viscosity, and self-
the promising results reported in the preceding papeguestion diffusion.
for applicability of the samplesample correlation spectroscopy |y the NIR spectra, neat oleic acid shows strong bands at
still remains because the model spectral system investigated i3271, 7194, 7092, and 6993 ciit4 The band at 8271 cr is
rather far fr_om real spectral systems. Therefore, the second parly,e to the second overtone of the Cstretching mode, and
of our studies was concerned with the samslample correla-  he rest are assigned to combination modes of the CH vibrations.
tion analysis of a real chemical system. To clarify the effect of density change, all the bands of oleic
Our intention was to choose an essentially two-component i are reduced by comparing the intensity of the band at 8271
system, spectro;coplcally not _S|mple pUt at thg same tMe ;-1 ot various temperatures with that of the same band at 15.2
analyzed in detail by other physicochemical techniques. In this °C that was used as a standard (1%3s just below the melting

way we may b? able to explore the poss_|b|l|ty of the sample oint of theS-type crystal of oleic acid}® The spectra at various
sample correlation approach as an analytical tool and to comparqD

. . ) . emperatures became almost identical with each other except
results obtained by this method with those gained by other for the wavelength region above 6990 criThe band at 6920
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intensity of this band increases as a function of temperature, A oso
giving good evidence that the acid dimer dissociates into the o
monomeric species even in the pure liquid state. In the plot of o«
the absorbance at 6920 chwersus temperature, one can see o3
two break points at 30 and at 5&.1416 All the conclusions
regarding the liquid structure were reached from the intensity
change of the band at 6920 ch However, the obtained
temperature-dependent plots of the intensity did not always give °'
convincing evidence for the existence of the two break °*
pointst416 008
The purpose of the present study is to demonstrate the
potential of the new type of 2D correlation analysis, sample wavenumbers (cr')
sample correlation spectroscopy. We have applied the sample
sample correlation analysis to the above problem of oleic acid. B 0‘45
The present study has employed the whole spectral region of
7600-6600 cntl, so that it may yield more unambiguous
evidence for the break points. We have also used the widely ,
accepted wavenumbewavenumber correlation method for ~ §
additional characterization of the hydrogen bonds and dissocia- £
tion in neat oleic acid at different temperatures. The temperature-
dependent NIR spectral variations of oleic acid offer very
challenging possibilities; they are rather hard to analyze by
conventional one-dimensional spectroscopy because of severe
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overlapping of many bands, combination of small spectral B0 70 70 70 720 7100 7000 600 60 6700 6600
changes, and strong influence of physical factors such as the rovenemben €m)
density change. Figure 1. (A) NIR spectra in the region of 76066600 cnt* of oleic

acid in the pure liquid state over a temperature range of85°C.

(B) Spectra shown in Figure 1A after the offset at 7600 €mand

adjusting the intensity at 7188 crhwith respect to the spectrum
A sample of oleic acid of very high purity (greater than recorded at 15C.

99.9%) was supplied by Nippon Oil and Fats Co. (Amagasaki, of 15-80

Japan) and was used without further purification. The NIR

Experimental Section

°C. The assignment of the observed bands is given
. in the Introduction. On the lower wavenumber side appears the
spectra were recorded_ on a N'COIEt Magna 760 FT-IR/NIR strong influence of a broad band due to the hydrogen-bonded
spectrophotometer equipped with an PbSe detector at a resolu-o_H group of dimers located around 5850 ¢mOn the higher

i 1 i PO !
tion of 4 crrlrt. '(Ij'o51egsure anDacc_:eptt?]bI?:_??\lr:;I to-noise ratlot, wavenumber side, the baseline increases with temperature as a
we accumuiate scans. buring the =1- measuremen S’consequence of the change in the density of the sample. The

a glass cell of l cm thlc_kness was used. The cell was Ir]sertec’lspectra in Figure 1A were pretreated in way similar to that used
into a commercially available thermostated cell holder, and the by Iwahashi et at First, we applied the offset at 7600 cin
temperature was controlled by circulating thermostated water. and then adjusted the ihtensity at 7188-rof all the spectra
T_h(_e temperature of the_sample was r_neasu_red by means .Of 30 be the same as that in the spectrum recorded 4C19he
digital thermometer (Anritsu HFT-50) dipped into the cell. This spectra after the correction are shown in Figure 1B

system guaranteed a temperature control and stabilityOof We have applied both the wavenumbegravenumber cor-

°C. . :
. relation and samptesample correlation analyses to the set of
All the gqlculatlr)rgs ha:ve b_?_ﬁn gﬁgde byl ”ts.e of th(la softvt:/are spectra in Figure 1B (total of 22 spectra). Since it seems that
composed in our faboratory. 1he correlation analyses Naveg, y,q sample-sample correlation the correlation analysis after
been carried out by both generalized 2D correlation SPectrosCopYe mean normalization and centering gives more useful results
methloo:fs, propgsed by tNoa_athe \;ve;]yenumbefwla\;ﬁnumberl for determining the concentration dynamics of species than the
corrélation and our extension ol his proposal, theé sample corresponding analysis without these pretreatmktitese two

sam_ple correlatioh.Before the calculation of _the matrices is operations have been applied before the calculation of wave-
carried out, usually the spectral data are subjected to the mear | wberwavenumber correlation maps t00

normalization. When the wavenumbevavenumber correlation In Figure 2A,B are shown wavenumbewavenumber syn-

IS performe.d, every column of .the. experimental mathi, is chronous and asynchronous correlation spectra constructed from
divided by its mean value, while |nTt_he case of th_e sample the temperature-dependent spectral variations of oleic acid. The
sample correlation every co_Iumn bf"is divided by its mean synchronous spectral pattern is rather simple. It is dominated
value. AISO' the centering in the Wavenumhwavenumber by a strong autopeak at 6917 chithat shows the negative
correlation means that the mean §pegtrum is subtracted fromcorrelation with the whole region of 7250020 cnrt. The
each spectrum while the centering in the sarsiample negative correlation of the band at 6917 drwith the spectral
correlation means that_the mean value from all the rowd bf _region where several €H combination bands appear reveals
(the number of rows is eclual to the number of spectra) 'S that the band at 6917 crhincreases with temperature while
subtracted from column's 817 (the number of columns is equal all the C-H bands have almost constant intensities. The
to the wavenumber points). asynchronous spectrum reveals a strong nonlinear relationship
between the intensity change in the band at 6917'cising
from the monomer and the intensity changes in the regions of
Figure 1A shows NIR spectra in the 7606600 cnt! region 6600-6800 cnt! and 7006-7200 cnt! . The clear orthogonal
of oleic acid in the pure liquid state over a temperature range correlation of the band at 6917 ciwith other bands shows

Results and Discussion
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Figure 2. (A) Synchronous spectrum of the model shown in Figure - -
1B. (B) Asynchronous spectrum of the model shown in Figure 1B. reaches the maximum at the temperature coordinate of (15,

80)°C. This suggests that the rate of dissociation is not uniform

the irregularity in the intensity change in the monomer D through the whole temperature range, but at least at one
band. Since the 76066600 cnT? region is composed only of ~ temperature some abrupt change happens. The asynchronous
the static G-H bands and the variable €H band of the correlation spectrum is noisy due to small differences in the
monomer (Figure 1B), it seems that the temperature-dependentates, but still one can observe the trend with the maximum at
change of the monomer band is not linear through the whole the temperature coordinate of (15, 8@).
temperature range. The negative correlation at 6903, 6938 cm  The structural changes that take place at 32 andGare
suggesting the splitting of the band at 6917 ¢érout closeness  due to the phase transitions from the quasi smectic-liquid crystal
of the band at 6990 cm and the pseudo-isosbestic point near to a more disordered liquid crystal and from the disordered liquid
6950 cm~! might be reasons for that correlation too. crystal to the isotropic liquid, respectively These changes are

The covariance and orthogonal covariance matrices of theinduced by monomer molecules that are present as impurities
sample-sample correlation are shown in Figure 3A,B, respec- in oleic acid in the pure liquid state at room temperature. With
tively. In the present case the sampample correlation  the temperature increase the concentration of monomer increases
spectroscopy is the temperatttemperature correlation spec- and the transition to the disordered structure occurs. The
troscopy. The covariance matrix clearly shows that the con- population of the monomer is much smaller than that of the
centration of the species in the lower temperature range dimer even at 80C, but the existence of the monomer is of
decreases slowly up to & and above 53C a marked increase  crucial importance for the process of monomerizatfon.
in the concentration of another species occurs. The orthogonal The major spectral change in the region of 766600 cnt?!
correlation (Figure 3B) shows that distinct nonproportionality is the intensity change in the-&H band of the monomer. There
in the rate of the concentration variation starts at ca&2Gand is no band in the above region directly connected with the
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Figure 4. Series of slice spectra obtained from Figure 3A. Figure 5. Spectra shown in Figure 1A after the baseline correction at
both wavenumber sides.
dimers’ concentration, but its concentration change could be
monitored indirectly through the influence of the density change A

appearing in the whole spectral region and the influence of the 7429
strong dimer band located around 5800~énit may also be 7388
monitored by the change in the concentration of the monomer 7348
because the only way of producing the monomer is the 7307
dissociation of the dimer. 7267
We may be able to conclude from the synchronous spectrum Zfzgr
in Figure 3A that the rate of conversion from the dimer into 7145 §
the monomers increases significantly after°®b However, it 7108 o
is very hard to determine the exact temperature by the inspection & 2064 3
of the map in Figure 3A. The three-dimensional representation . 2024 E
does not offer a preview suitable for the analysis of details. “ 6083 §
Rather, we should concentrate our attention on the one- i 6943 3
dimensional presentation, or slice spectra, of Figure 3A. Figure 6902
4 exhibits the set of lines (slice spectra) that form the three- 6862
dimensional representation shown in Figure 3A. The pattern in 6821
Figure 3A is obtained by repeating any one of the lines in Figure 6781
4 with intensity changes from sample to sami§ié&® Thus, all 6740
the information obtained from Figure 4 is contained in Figure T T T AT E6700
3A too. One can see that at 56 all the slice spectra exhibit é g § % % % % é <,Ez § § g ',9: g % g

D
o
upward changes in the slopes. In this way we prove that the ')\
process of monomerization has at least two break points where
the rate of monomerization is changed. However, the appearancep
of the break points at 32 and 5& will be demonstrated much
more clearly later (see Figure 10B).
In the previous NIR studies the temperature of°8was
also noted as the first point where the transition from the quasi-
smectic liquid crystal to the disordered liquid crystal occdrs.
However, the evidence for the transition point at €2 was

wavenumbers (cm’

somewhat weak because the intensity change in the monomer _ E
O—H band is very small near 3. Figure 4 suggests that 32 %@ %
°C is the temperature where the monomerization of dimer starts w 8
to proceed faster. In the region of 280 °C there is almost 57023_5 E
no slope, showing that the monomerization process occurs 6083 §
little 69425 2
We have undertaken additional pretreatment to eliminate the 6902
influence of the foot of the strong band around 5800 tntue 6861.5
to the dimer (not shown here). Figure 5 shows the NIR spectra 6821
in Figure 1A after the baseline correction in both wavenumber 6780.5
sides. By applying the baseline correction to both wavenumber 6740

sides, we have tried to focus our attention mainly on three major  mmmmmmITIAERETmRImmmTETITmTSTT 6699.5
bands at 7189, 7076, and 6917 ©mAs can be seen from ] N i X < ]
Figure 5, all spectral variations concentrate only on these three
bands. The synchronous wavenumbenvenumber correlation wavenumbers (cm™)

calculated after the mean normalization and centering is showngigure 6. (A) Cross-product matrix of the spectra shown in Figure 5.
in Figure 6A. Note that the main 2D spectral features observed (B) Orthogonal cross-product matrix of the spectra shown in Figure 5.
in Figure 2A again appear in Figure 6A. The strong autopeak

at 6917 cm?! dominates, while the other two bands at 7189 shown in Figure 6B is also similar to the correlation map shown
and 7076 cm! are noticed only through the negative correlation in Figure 2B. It is very interesting that asynchronous cross-
with the peak at 6917 cm. The asynchronous correlation map peaks again appear at nearly 6903, 6930%ihis observation
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Figure 8. Slice spectra of the 3D presentation shown in Figure 7A.

Namely, in the previous set the influence of the dimer band
was not removed and it obscured the monomer band, making
the asynchronous spectra noisy. Now, the dominant part in the
overall spectral variations is the monomerB band and the
process of the monomerization can be followed easier in the
orthogonal correlation than in the previous case.

Finally, we demonstrate the results of the correlation analysis
of the raw spectra shown in Figure 1A. Parts A and B of Figure
9 present the synchronous and asynchronous waventimber
wavenumber correlations generated from the spectra shown in
Figure 1A. In the wavenumbemwavenumber correlation matrix
(Figure 9A) one can find strong autopeaks at 7189 and 7076
cm! and negative correlation of these peaks with the band at
6917 cn! and with the region 76067300 cn1®. The promi-
nent appearances of the peaks due to thdH@ombinations
are expected because the pretreatments applied in the previous
cases strongly suppress the spectral variances at their positions.
The influence of the density change is very notable too. It is
also totally excluded in the two previous trials. The asynchro-
nous spectrum (Figure 9B) contains information mostly about
the relations between the monomer B band and other spectral
features.

There is a positive correlation between the band at 6917 cm
and the whole region of 76607300 cm! and negative
correlations at 6917, 7186 and 6917, 7080 &nf his indicates
that the source of spectral variation in the band at 6917 d¢s
quite different from those in the -€H bands and those in the
region of 7300-7700 cntl. However, the signs of the negative
correlations should also be considered as positive here because
strengthens our assumption about splitting of the band at 6917the corresponding peaks in the synchronous spectrum have
cm L In this spectral set we ignore the influence of the physical negative signs and, according to Noda’s rtiie,such case the
factors and hydrogen-bonded species. Therefore, the repeate@synchronous cross-peaks change the sign.
correlation approximately at the same coordinate suggests even Parts A and B of Figure 10 show a sampkample co-
more strongly than in the previous case the possible appearanceariance matrix generated from the spectra shown in Figure 1
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Figure 7. (A) Cross-product of the samptesample correlation

calculated from the spectra shown in Figure 5. (B) Orthogonal cross-
product matrix calculated from the spectra shown in Figure 5.

of the additional bands at 6903 and 6930 éniMoreover, the
intensity change at 6903 crhis not evident in strict linear
relationships with both €H bands, as shown by the positive
orthogonal correlation in Figure 6B.

In Figures 7A,B are shown covariance and orthogonal
correlation matrices for the temperature range-86°C. Figure

and its slice spectra, respectively. Note that the slice spectra
give rise to undoubted evidence for the two break points at 32
and 55°C.

The correlation patterns in Figure 10A,B can be understood
as follows. The spectra without any baseline correction, just
after mean normalization and centering, emphasize the spectral

8 depicts the slice spectra. The main features in Figure 3A arevariations through the whole region. Therefore, the spectral
reproduced in Figures 7A and 8, proving once more that the evidence for the phase transition of oleic acid based on the
temperature of 55C is the break point where the slope becomes intensity change of the band at 6917 ©mbecomes less
steeper. The orthogonal correlation shown in Figure 7B is very significant compared with the evidence from the rest of the
interesting. In comparison with Figure 3B, the noise is smaller spectra. In other words, we diminish information about the
and the orthogonal cross-peaks at the terminal temperaturegdissociation of the dimer, since only the band at 6917 ti®
appear clearly. This can be understood in exactly the same waystrongly connected with the specific species (monomer). By
as that in Figure 3B. The reason for the striking appearance of suppressing the importance of that band, we can hardly follow
orthogonal correlation is the emphasis of the monomeiHO the rate of monomerization. In the present analysis the changes
band by the baseline correction in the both wavenumber sides.in the physical properties of oleic acid become important. The
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2
wavenumber and samptsample correlation spectra. First, the
analysis of the spectra that are offset on the higher wavenumber
side shows that all spectral variances concentrate on the positions
of major bands at 7194, 7092, and 6993 ¢énThe asynchronous
spectrum suggests the splitting of the monomeiHband into
L S U LR L G two bands at 6902 and 6930 ci The corresponding sampte
88 HEB8IJIRRRRRRREIRRK sample correlation analysis reveals the existence of two phase
wavenumbers (cm’") transition temperatures. Both temperatures are identified in the

Figure 9. (A) Cross-product matrix calculated from the spectra shown ©One-dimensional pattern of column cross-product matrices with
in Figure 1A. (B) Orthogonal cross-product matrix calculated from the the different number of spectra included in the calculation. The
spectra shown in Figure 1A. similar results are obtained when the only & and O-H bands

are treated by excluding the strong effect of the density
correlation patterns in these figures are created mostly by thefluctuation and the interference from the intense dimer band
spectral features in the region of 7608950 cnT™. In this region near 5800 cm!. Finally, the raw spectra have been analyzed.
all the spectral dynamics is governed by the temperature- The wavenumberwavenumber correlation highlights the band
dependent density change and changes in other physicalat 6917 cmt to have a different dynamics compared with the
properties of the sample. Therefore, the only way to understandother wavenumber points. The samp&ample correlation of
Figure 10 is by distinguishing the three kinds of liquid structures the raw spectra elucidates very convincingly the two phase
for the temperature ranges-132, 32-55, and 55-80°C. The transition temperatures.
present results are in good agreement with those of other g sample-sample correlation can be easily understood and
physicochemical experiments such as the DSC measurements,pplied to the systems where the process similar to the
viscosity, and self-difusion coefficiert. monomerization of dimer takes place. Since this method is just
another aspect of generalized 2D correlation spectroscopy, all
the advantages and limitations of the generalized 2D methodol-

This paper has demonstrated that two types of correlation ogy are preserved in the sampigample correlation. Therefore,

analysis are quite powerful in the analyses of temperature- the method is not restricted to this kind of perturbation: the
dependent NIR spectral variations of oleic acid in the pure liquid same approach is valid for monitoring concentration changes
state. We have tried three procedures to generate waventmber of species with time, pressure, etc.

Conclusions
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